Introduction
Mesoscale eddies play a crucial role in transporting water (e.g. Schouten et al., 2002a,b) and heat (Bryan, 1986; Sallée et al., 2008) over long distances, thereby promoting large-scale mixing of the ocean (Lutjeharms et al., 1989; Ballegooyen et al., 1994; De Ruijter et al., 1999) . In addition to the well-studied eddies within the Gulf Stream and Kuroshio Current (Cronin and Watts, 1996; Mensa et al., 2013) , eddies are ubiquitous and found in many regions (e.g. McGillicuddy et al., 1998; Martin and Richards, 2001; Mackas et al., 2005; Kolasinski et al., 2012) . Eddies also transport nutrients, salt and other chemicals (Bakun, 2006; Xiu et al., 2011) , thereby regulating marine species abundances and community composition (Owen, 1981; Sabarros et al., 2009; Huggett, 2013; Lamont et al., 2013) . Cyclonic eddies rotate clockwise in the Southern Hemisphere and carry a cold water core, corresponding to a reduced sea surface height. Anticyclonic (anti-clockwise) eddies are characterized by a warm water core and associated with elevated sea surface height. The impact of eddy activity is not confined to the sea surface but affects deeper and in some cases, bottom water conditions. Oceanographers in the 1960s placed drifters and floats at depth providing evidence of mesoscale eddy features (Cook, 1966; Send et al., 1999) . Since then satellite images of SST, ocean colour and altimetry have been applied to detect and study eddies (e.g. Fu et al., 2010) . Considering their ubiquitousness, it is expected that eddies affect the circulation in large parts of the global ocean system. Eddies being shed from the Agulhas Current into the Atlantic Ocean, so called "Agulhas leakage", is among the better described examples of the impact of eddies on climate. Global warming, as observed currently, is likely to cause a further increase in Agulhas leakage (Biastoch and Böning, 2013) , thereby affecting ocean mixing and biogeochemical dynamics, which in turn might influence climate. This relation implies an unexplored feedback mechanism potentially affecting the global climate system.
The Agulhas Current, one of the major western boundary currents, plays a crucial role in the global ocean conveyor circulation (Gordon et al., 1992; Weijer et al., 2002) . By shedding rings, eddies and filaments into the South Atlantic, Agulhas leakage supplies warm and saline water from the Indian Ocean into the Atlantic (Gordon, 1986; Gordon et al., 1992; De Ruijter et al., 1999; Beal et al., 2011) thereby influencing Atlantic meridional overturning circulation (AMOC) (Biastoch et al., 2008) . Records of past changes in Agulhas leakage based on planktonic foraminiferal assemblages (Peeters et al., 2004) showed a link to glacialinterglacial cycles. The salt export into the Atlantic basin by Agulhas eddies is hypothesized to provide the negative overall buoyancy needed for deep-water formation in the North Atlantic (Weijer et al., 2001; 2002) .
Up-stream of the Agulhas Current, eddies in the Mozambique Channel propagate poleward into the Agulhas Retroflection where they have been shown to occasionally trigger shedding of Agulhas Rings (Schouten et al., 2002a,b) . There are extensive records from satellite sensors, in situ observations and numerical models, which can be used collectively to study and interpret eddy-induced environmental impacts (e.g. Byrne et al., 1995; Biastoch and Krauss, 1999; De Ruijter et al., 2002; Backeberg et al., 2012) . A recent model study (Backeberg et al., 2012) suggested an increase in eddy kinetic energy between 1993 and 2009, resulting in a doubling of the pole ward propagation of anticyclones. Flow from the Mozambique Channel and the southern extension of the East Madagascar Current (EMC) are both considered to be important sources for the Agulhas Current (Schouten et al., 2002a,b; De Ruijter et al., 2004) . This implies that intensification of the mean flow and its mesoscale variability may have downstream implications for the Agulhas Current and could thereby influence leakage into the South Atlantic Ocean. To study the interplay between eddy activity and large-scale climate variability, reconstructing past eddy activity could provide valuable information. Here we propose a novel approach based on the chemical composition of planktonic foraminiferal calcite tests to develop such a proxy. We selected specimens from sediment trap times series in the Mozambique Channel where eddies are frequent and long-term oceanographic observations available (Ullgren et al., 2012) . Long-term moorings in the center of the Mozambique Channel show that five to seven large anticyclonic eddies with a diameter of >300 km pass southwards every year (Schouten et al., 2002a,b; Harlander et al., 2009 ). These eddies can extend down to depths of 1.5 km (De Ruijter et al., 2002; Ullgren et al., 2012) and account for up to 30 -40% of the observed hydrographic variability.
Here we present single-chamber trace element compositions from specimens with contrasting calcification depths, the surface-dweller Globigerinoides ruber (d'Orbigny, 1839), thermoclinedwelling species Neogloboquadrina dutertrei (d'Orbigny, 1839) and Pulleniatina obliquiloculata (Parker et al., 1865) and the deep dweller Globorotalia scitula (Brady, 1882) . Specimens were collected from sediment trap samples and analyzed using laser ablation-inductively coupled plasma-mass spectrometry (LA-ICP-MS). Obtained element/Ca ratios will allow calibrating incorporation of e.g. magnesium and manganese in planktonic foraminifera in function of in situ hydrographic conditions, both during eddy and non-eddy conditions and compare incorporation of these elements in the surface versus sub-surface water column.
Materials and methods

Oceanographic setting
The Mozambique Channel (MC) is an oligotrophic region with concentrations of chlorophyll a in surface waters between 0.3 mg/m 3 in summer and 0.25 mg/m 3 in winter. Seawater temperatures (SST) in the MC vary seasonally and with eddy-induced transport (Fallet et al., 2011) . The seasonal temperature forcing is associated with the monsoon system and is reflected by sea surface temperatures (SST) ranging from 25°C to more than 30°C with an annual mean of 27.6°C. With the onset of austral summer, rainfall increase caused by the seasonal migration of the ITCZ, sea surface salinities decrease slightly from 35.2 in winter to 34.9 in summer (Fallet et al., 2010 ; negative poleward), daily values ranging between -65 and 45 Sv (Ullgren et al., 2012) . Below the poleward mean flow, a deep undercurrent is flowing in the opposite direction along the continental slope (De Ruijter et al., 2002; Harlander et al., 2009; Ridderinkhof et al., 2010 were filled with an HgCl 2 -poisoned and borax-buffered solution of seawater collected from the deployments depth (Lončarić et al., 2007) . Time-series sediment trap samples were wet-split, sieved and foraminiferal shells were cleaned as previously described (Fallet et al., 2009; 2010) .
Eddy/ non-eddy detections & sample selection
The passing of an anticyclonic eddy through the narrows of the Channel is marked by high temperature and salinity, as well as high dynamic height in the satellite altimetry record. At the leading (southern) edge of the eddy with a diameter of up to 300 km (De Ruijter et al., 2002) , current velocities are expected to have a predominant eastward component, whereas a zonal section across the center of the eddy would show a strong southward flow on the western side and a northward component on the eastern side, and the trailing (northern) edge of the eddy should show a westward component. An eddy core passing through the LOCO mooring section thus coincides with a peak in the difference between meridional current velocity on the eastern and western side of the mooring array. The meridional current velocity averaged over the upper 500 m at mooring lmc5 on the western side of the array was subtracted from the similarly averaged meridional velocity at lmc8 on the eastern side to give a measure of the lateral current shear across the Channel, which was used as a proxy for eddy presence at the mooring section. The lateral current shear from in situ measurements was combined with dynamic heights from satellite altimetry in order to define periods when eddies were present at the section. An eddy core was considered to be at the mooring section when there was a local maximum in dynamic height at 41.3°E greater than 10 cm above surrounding values, coinciding with a maximum in absolute lateral current shear within 10 days. This measure corresponded well with the hydrographic eddy signatures in temperature and salinity; for example maxima in subsurface temperature measured by the moorings correlate well with the peaks in dynamic height or velocity shear.
We are not only concerned with the timing of eddy cores at the section, but rather with accounting for the full period in which an eddy passes the sediment traps location. For this reason we defined "eddy segments" as a period between two dynamic height minima which contains one well-defined combined maximum of dynamic height and lateral velocity shear, following the criteria outlined above. We selected the sediment trap intervals during which the whole sediment cup collection took place under either full eddy or full non-eddy conditions.
The following three intervals were appointed as representing non-eddy conditions: MOZ1 
Species selection and chamber analysis used for proxy development
We selected four planktonic foraminiferal species, suggested to dwell at diff erent depth intervals in the water column for element analyses of their carbonate tests. Globigerinoides ruber white is a shallow dwelling species (0 -50 m), often used to reconstruct SST (Hemleben et al., 1989) . Th e subsurface-dwellers Neogloboquadrina dutertrei and Pulleniatina obliquiloculata 16.71°S and from 2100 m water depth. Assuming 1 cm/s sinking speed, particles placed back at 25 meters, 50 meters and 150 meters. Th e particles reach the surface after ~3 days. Graph shows the distribution of particles per 0.5 x 0.5° box after 6 weeks of advection (assuming an average lifespan approximation of foraminifera) after they surfaced at their respective depths. Warmer colors can be interpreted as a more probable location of foraminifera 6 weeks before they started to sink. Sediment trap location is indicated with a black cross.
have been associated with a calcification depth of 0 -100 m and 60 -150 m in the upper and middle thermocline, respectively (Erez and Honjo, 1981; Fairbanks et al., 1982; Ravelo and Fairbanks, 1992; Pflaumann and Jian, 1999; Spero et al., 2003; Field, 2004; Kuroyanagi and Kawahata, 2004; Cléroux et al., 2007; Huang et al., 2008) . We also included the deepdwelling species Globorotalia scitula to analyse deep water conditions (Bé, 1969; Ortiz et al., 1996; Itou et al., 2001; Fallet et al., 2011) . This set of foraminiferal species should therefore cover the vertical extend of the upper water column and thereby the most pronounced changes associated with eddy variability.
Specimens were selected from the 250 -315 μm size fraction as much as possible. In case sufficient specimens from the designated trap samples were not available within this size range for replicate LA-ICP-MS analyses larger specimens were also used, which is indicated in table S1 (Supplementary material). For G. ruber we ablated the penultimate-and pre-penultimate chamber (F-1 or F-2 chambers) and results for both chambers were combined to calculate relevant averages, since no significant differences for Mg/Ca between chambers were observed (see result section 3.1). For N. dutertrei, P. obliquiloculata and G. scitula we ablated the final three to four chambers. Previously a size effect was suggested for G. ruber whole test 
LA-ICP-MS
Element/Ca ratios (e.g., Mg/Ca) of single chambers were determined by LA-ICP-MS at Utrecht University (Reichart et al., 2003) . A GeoLas 200 Q Excimer 193 nm deep ultra violet laser (Lambda Physik) was used to ablate circular craters of 60 or 80 μm in diameter depending on the surface area of the chambers. Energy density at the sample surface was approximately 1 J cm -2 and all samples were ablated with a repetition rate of 7 Hz in a He atmosphere.
The sector field mass spectrometer (Element 2, Thermo Scientific) was run in low-resolution software (Glitter, Maquarie Research Limited, 1999 -2000 . The matrix matched in-house standard showed average relative standard deviations (SD) of 3.7% for Mg/Ca and 3.2%
for Mn/Ca. Measurements were performed on intact specimens and always proceeded from the outside towards the inside (Fig. 3.4) . In total, 536 single-chamber Me/Ca values were obtained. We do not consider variability (and outliers) within the profiles. Values deviating more than twice the standard deviation from the initial dataset were regarded as outliers and discarded from the initial dataset. In total we discarded 19 Mg/Ca values based on an outlier analysis.
Mg/Ca calibrations
Mg incorporation into foraminiferal calcite is related to temperature and likely affected by a combination of thermodynamic controls and foraminiferal physiology (Bentov and Erez, 2006; Rosenthal et al., 1997) . For many planktonic species it was shown that calcitic Mg/Ca varies exponentially with calcification temperature (Nürnberg et al., 1996; Lea et al., 1999; Rosenthal et al., 2000; Anand et al., 2003; Cléroux et al., 2008) in the form:
The exponential constant (A) reflects temperature sensitivity. For many species, it is reported to be between 0.09 and 0.10 (e.g. Anand et al., 2003) . The pre-exponential constant (B) is species-specific and may also vary with differences in size fraction used, cleaning protocols and dissolution effects (Anand et al., 2003; Fallet et al., 2010) . These calibrations are all based on whole multiple test analyses from sediment trap samples.
Previous studies showed that both single-chamber and multiple-shells Mg/Ca data are similarly correlated to temperature (Hathorne et al., 2003; Reichart et al., 2003) . Recent culture studies (2010) is based on the local seasonal temperature cycle, this calibration is probably best suited for our purposes. For N. dutertrei and P. obliquiloculata we applied species-specific calibrations from the sediment trap time-series from the North Atlantic Ocean (Anand et al., 2003) . Because no species specific calibration is available for G. scitula we applied a calibration based on G. hirsuta (Anand et al., 2003) . This seems reasonable since both species are Globorotalids, having similar depth habitats and Mg/Ca values within the same range (1 -2 mmol/mol).
Importantly, since here we focus on differences between eddy and non-eddy conditions, the calibrations used as such are less important as this mainly affects absolute temperatures.
Results
Mean Me/Ca ratios
Mg/Ca
Average Mg/Ca values of G. ruber are highest, followed by those of N. dutertrei, P. obliquilocuata and lowest values are observed in G. scitula tests (Fig. 3.5 (Fig. 3.6 ). An analysis of variance on ranks (Kruskal-Wallis One Way analysis)
showed that the differences are significant at the level of p <0.001. A pairwise Multiple
Comparison Procedure was used to show that all chambers in N. dutertrei differ in Mg/Ca (Dunn's Method, p <0.05).
Mn/Ca
Average test values of Mn/Ca in G. ruber (< 8 µmol/mol) In red data for eddy conditions. Blue symbols correspond to non-eddy conditions. Error bars indicate standard error, extended gray lines show SD.
There is no significant intra-test variability in Mn/Ca observed in N. dutertrei or P. obliquiloculata for the analysed chambers (Fig. 3.6 (Fig. 3.7) . We observe a slightly (Fig. 3.5) . Additional data on F-3 shows no signifi cant diff erence in Mg/Ca between eddy and non-eddy conditions. Generally, there is less Mg/Ca variability between chambers during noneddy conditions compared to eddy conditions. P. obliquiloculata and G. scitula do not show signifi cant diff erences in Mg/Ca between chambers (one way ANOVA) between eddy and non-eddy conditions.
Both G. ruber and N. dutertrei record slightly lower Mn/Ca during eddy conditions compared to noneddy conditions (Fig. 3.5 p = 0.044) (Fig. 3.5) . In contrast we observe on average higher Mn/Ca for P. obliquiloculata during eddy conditions (Kruskal-Wallis one way analysis of variance on ranks, p <0.001). G. scitula shows no difference in Mn/Ca ratios between eddy and non-eddy conditions. There are no significant differences in intra-test trends observed between eddy and non-eddy conditions for any species studied here (Fig. 3.6 ).
Discussion
Environmental controls on Mg-and Mn-incorporation
Mg/Ca
Single chamber Mg/Ca results show that ratios in G. ruber and N. dutertrei are higher during eddy conditions (Figs. 3.5 and 3.6), reflecting observed warming at the depths where these species calcify. To test whether differences in temperature stratification between eddy and noneddy intervals can be reconstructed, we compare inferred calcification depths from multiple species Mg/Ca temperatures with in situ mooring data.
We have selected four common species with contrasting depth habitats based on existing literature. Previous studies suggested that G. ruber dwells at or close to the sea surface (e.g. Culture studies revealed that chamber formation occurs relatively fast and is concentrated in short time intervals (5 -6 hrs, Bé et al., 1979; every 1-3 days, Bé et al., 1977; Caron et al., 1987; Spero and Lea, 1993; Lea et al., 1999) . When chambers are added, a layer of calcite precipitates over pre-existing carbonate, resulting in so-called bilamellar chamber walls (Reiss, 1957) . This is reflected by an increase in the thickness of chamber walls and in the length of the ablation profiles towards the older chambers.
Laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS) was used to quantify intra-specimen variability in Mg/Ca in planktonic foraminifera. Part of the observed intra-specimen variability was attributed to seasonal variability in sea surface temperatures.
Other factors contributing to intra-specimen variability are, e.g., changes in symbiont activity, Th e error in Mg/Ca-based reconstructed seawater temperature encompasses analytical uncertainty, the error due to inter-individual variability in Mg/Ca (Fig. 3.6 ) and the uncertainty in calibrating Mg/Ca to temperature. Th e main uncertainty in absolute temperature is related to the calibration error, since both analytical uncertainty and inter specimen variability are largely canceled out by using a large number of individuals (De Nooijer et al., 2014) . For a number of planktonic species, including the foraminiferal species used here, uncertainties in the Mg/Ca-temperature calibration are ~0.02 for the pre-exponential constant and ~0.003 for the exponential one (Anand et al., 2003) . At a temperature of about 20°C this results for both the pre-exponential and exponential constants to a 6% change in Mg/Ca, which translates to a 1°C temperature uncertainty. Still, since we are looking at differences between species rather than absolute temperatures the error related to the uncertainty in the calibration does not affect our results. Uncertainties in the calculated offsets between species will hence be mainly due to true inter-individual variability. For down-core applications, when enough specimens are available, using even larger sample sizes and pooling specimens for analyses, could further The distribution of Mn in the water column is often closely coupled to oxygen concentration (Mangini et al., 1990) . Mn profiles in the western Indian Ocean show various Mn maxima at depth (Saager et al., 1989 ) that can be linked to hydrographic features such as Intermediate water originating from the Red Sea which exhibits a strong Mn maximum (4.6 -6.5 nM)
coinciding with a deep O 2 minimum. Oxygen profiles from the water column in the Mozambique Channel show a distinct O 2 minimum at about 200 m below the sea surface ( Fig. 3.9 ). Below this minimum, oxygen concentrations gradually increase until a depth of about 500 meters where a secondary maximum occurs, after which oxygen concentration decreases towards the sea floor. This oxygen minimum at 200 m appears to be accompanied by maximum Mn concentrations (Saager et al., 1989) (Fig. 3.9 G. ruber (red) , N. dutertrei (blue), P. obliquiloculata (orange) and G. scitula (green). Species specific Mn/Ca is plotted at depth as suggested habitat depth based on literature and inferred calcification depth (Bé, 1969; Cléroux et al., 2007; Erez and Honjo, 1981; Fairbanks et al., 1982; Fallet et al., 2011; Hemleben et al., 1989; Huang et al., 2008; Itou et al., 2001; Kuroyanagi and Kawahata, 2004; Ortiz et al., 1996; Pflaumann and Jian, 1999; Ravelo and Fairbanks, 1992; Spero et al., 2003) for the species studied here. 
Comparison recorded in-situ temperatures with foraminiferal Mg/Ca
Changes in the water column temperature profile in response to a passing eddy in the MC potentially affect differences in Mg/Ca between different species of planktonic foraminifera.
Since eddies mainly affect temperatures at the upper thermocline, comparing Mg/Ca-based temperatures of thermocline dwellers, such as N. dutertrei and P. obliquiloculata, with those of either a surface dwelling species such as G. ruber, or a deep dwelling species such as G.
scitula potentially should reflect eddy conditions. Still, such a proxy requires no or limited changes in depth habitat related to hydrographic changes caused by passage of an eddy. For P. obliquiloculata we observed a change in depth habitat (constant Mg/Ca) between eddy and non-eddy conditions, making it unsuitable for reconstructing changes in thermocline temperatures ( Fig. 3.8 ). Mg/Ca values for P. obliquiloculata remain relatively constant between eddy and non-eddy conditions, suggesting a change in calcification depth. Comparing the temperature profiles from the moorings with the measured Mg/Ca values for P. obliquiloculata suggests that the mean calcification depth shifts from 80 m, during non-eddy conditions, to a depth of about 160 m during eddy conditions. This suggests that this species might be bound to a specific temperature range for optimal living conditions. In contrast, N. dutertrei records significantly warmer temperatures when an eddy passes the MC, compared to periods without an eddy (one way analysis of variance, p <0.001).
The temperature difference between G. ruber and N. dutertrei is 5.8°C during eddy conditions ( Fig. 3.10 ), corresponding to an observed temperature difference between 0 and 115 m. During non-eddy conditions, the difference in Mg/Ca-based temperatures between G. ruber and N.
dutertrei is larger (6.8°C), although less than expected when assuming a constant calcification depth for these two species. This suggests a slightly shallower calcification depth for N. dutertrei (from ~115 to 90 m) during non-eddy conditions. Moreover, the temperature recorded by G. ruber is also somewhat higher during eddy conditions (one-way analysis of variance, p = 0.002). Despite these small changes in calcification depths, overall habitat preferences for G. ruber and N. dutertrei are relatively constant. The restricted, shallow habitat depth of G. ruber is likely related to its associated symbionts (Gastrich, 1987) , whereas the living depth of N.
dutertrei is related to the deep chlorophyll maximum (Fairbanks et al., 1980; Ortiz et al., 1996 , Cléroux et al. 2013 . Potentially, food availability may restrict foraminiferal species to a certain calcification depth (e.g. Ortiz et al., 1996; Mortyn and Charles, 2003; Cléroux et al., 2009 ).
Irrespective of the underlying mechanism, the recorded Mg/Ca-based temperatures coincide with a deepening in isotherms during the passing of an eddy. Still, temperature differences based on Mg/Ca of G. ruber and N. dutertrei from eddy and non-eddy conditions are relatively small and a two-way ANOVA test showed this difference to be not significant (p = 0.166).
Alternatively, changes in upper thermocline temperature (i.e. recorded by Mg/Ca of N.
dutertrei) could be contrasted with that of a species dwelling below the thermocline to develop a proxy for eddy activity. The deep dwelling species G. scitula has similar Mg/Ca values during eddy and non-eddy conditions (Fig. 3.8 ). Facultative and non-symbiotic species, such as P.
obliquiloculata and G. scitula, generally are less restricted to light availability and are thus capable of more extensive vertical migration through the water column (Hemleben, 1989) . Moreover, using the difference in temperature offset between a thermocline and a deep dweller limits the effects of seasonality, which becomes less with depth (annual difference: ΔT 0m : ± 5°C; ΔT 200m : 2.3°C; ΔT 400m : 0.6°C).
The difference in calcification temperature, based on Mg/Ca, between thermocline and subthermocline foraminiferal species provides a promising proxy for reconstructing eddies. The temperature contrast between the upper part of the thermocline and sub-thermocline during eddy and non-eddy conditions is more than 3°C, comparable to changes in temperature gradients related to eddy occurrences. Potentially, this allows the reconstruction of changes in eddy-intensity over geological time in the proximity of the MC.
Paleo-application
Eddies are expressed on a sub-seasonal time scale (Fallet et al., 2011) dutertrei ( Fig. 3.7 ). Since eddy frequency and changes in seasonality both affect average Mg/ Ca values, these histograms might be used to deconvolve the underlying processes. In view of the observed offset, the difference in Mg/Ca values between G. scitula and N. dutertrei, both impacted much less by seasonality, may well provide a robust proxy for eddy frequency.
Moreover, in combination with Mn/Ca, this proxy might add further constrains for the reconstruction of past water column conditions in the context of eddy frequency.
Conclusions
LA-ICP-MS Me/Ca analyses of four species of planktonic foraminifera show that G. ruber and especially N. dutertrei Mg/Ca-based temperatures record eddy-induced changes in upper water column stratification. During eddy conditions the thermal gradient between the surface water and the thermocline is reduced whereas the gradient between thermocline and deep water is larger. This is reflected in a reduced difference in the Mg/Ca based temperatures between G. 
